1. Antisera, prepared against extracts of cells and spores of Bacillus subtilis, were used in inmmunoelectrophoretic studies ofthe changes occurring in cell extracts during the course of spore formation. 2. At least 15 antigens could be detected in vegetative-cell extracts by the antiserum prepared against cell extracts and at least seven could be demonstrated in spore extracts by the homologous antiserum. 3. Cross-absorption studies showed that two of these antigens were probably completely specific for vegetative-cell extracts and that one was probably completely specific for spore extracts. The remainder were probably present in very small quantities in the heterologous extract. 4. In extracts of cells sporulating in an 'exhaustion medium' those antigens characteristic of the spore began to appear about 1 hr. after the end of exponential growth. 5. In cells sporulating in a resuspension medium, spore antigens were detected at 4hr., and by 7hr. a decrease in vegetative-cell antigens was observed. 6. In an asporogenous mutant blocked early in sporulation there was neither an increase in spore antigens nor a decrease in vegetative-cell antigens. 7. In an asporogenous mutant blocked later in sporulation, there was an increase in spore antigens similar to that which occurred in the sporogenous strain.
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Most previous studies of the appearance of spore antigens in bacterial cultures have been concerned with either surface antigens or crude extracts (for a review see Norris, 1962) . However, with recent advances in the study of spore formation it is now more desirable and more feasible to attempt to correlate antigenic changes with those that can be detected biochemically. Among the first studies of this type was that undertaken by , who were able to detect in extracts of young vegetative-cells only three of the 12 antigens found in spore extracts of Bacillus cereus. were also able to detect differences in catalase activities between spores and vegetative cells. Other studies have failed to show any common antigens in resting spores and vegetative cells of Bacillus subtilis (Cavallo, Falcone & Imperato, 1963) . and this system was used to study the antigen changes occurring in the asporogenous mutants. At the same time studies on protein turnover , enzyme changes (Warren, 1968) and morphological development (Kay & Warren, 1968) were undertaken. Some of these results have been reported briefly elsewhere (Mandelstam, Waites & Warren, 1967; Mandelstam, Waites, Warren & Sterlini, 1968) .
MATERIALS AND METHODS
Organism. B. subtilis (Marburg strain 168), which requires indole or tryptophan, was used throughout. However, this strain is competent in transformation and is sporogenic, and it is referred to here as 'wild-type'. During sporulation of the wild-type, proteolytic activity and antibiotic activity were detected extracellularly, and intracellularly there were increases in proteolytic activity, phosphatase, aconitase and glucose dehydrogenase. Protein turnover also occurs during sporulation.
Of the asporogenous mutants used in this study, mutant E 22 showed none of the changes associated with spore formation whereas mutant E21 was damaged in the later stages of spore formation, i.e. it was not found to produce Table 1 . Summary of sporulation characteri8tie8 of wild-type and asporogenou8 mutants Measurements of protease activity and protein turnover were as described by . Assays of antibiotic, phosphatase and 2,6-dipicolinate were made as described by Warren (1968) (Warren, 1968; . These differences are summarized in Table 1 . Media, growth of organisms and preparation of extracts. The media used were the liquid sporulation and germination media of Donnellan, Nags & Levinson (1964) pH17-2 (0-15M), and disintegrated in either the Mickle homogenizer or the Braun homogenizer with Ballotini no. 14 beads. The Braun homogenizer produced a greater proportion of damaged spores in a shorter time than the Mickle homogenizer (4min. as opposed to 15min.). Microscopic examination showed perhaps 10% of whole spores after treatment with the Braun homogenizer. However, though the Mickle homogenizer broke open the cells efficiently, only 50% spore breakage was observed under optimum conditions. Extracts were then treated in the same way as the cell extracts. Measurement of protein released into the final supernatant, after breakage in the Braun homogenizer, showed about 50% release, and, after breakage with the Mickle homogenizer, about 30% release. The Braun homogenizer was then used as a routine for spore breakage.
Time of appearance of spore antigens. First experiments were carried out in the liquid sporulation medium of Donnellan et al. (1964) . In this medium sporulation is initiated by the exhaustion of glucose and these experiments are referred to below as exhaustion experiments. In some the sporulation medium (3501.) was aerated in a 4001. tank with vigorous stirring (300rev./min.) and aeration (9ft.3/min.). The tank was inoculated with a culture in sporulation medium (161., bacterial density 0-025mg. dry wt./ml. and the temperature controlled at 350). Samples (1-51.) for determinations of dry weight, antigenic study and microscopic observation were taken at intervals and the pH was recorded conti- Later experiments were carried out in resuspension medium . Cultures were grown in the germination medium of Donnellan et al. (1964) with glucose omitted. Cultures at a density of 0-2mg. dry wt./ml. were centrifuged at room temperature and resuspended at the same density in a modified sporulation medium with glucose omitted and MgSO4 (0-04M) added. From cultures (11.) in flasks (51.), samples (300ml.) for antigenic study, microscopic observation and determinations of dry weight were taken and extracts prepared as described above. These experiments are referred to below as resuspension experiments.
Concentration8 of extracts for immunoelectrophoresis.
Extracts were concentrated to about 20mg. of protein/ml. Production of anti8era. All rabbits used (New Zealand white) were bled before inoculation and sera thus prepared did not produce any precipitin lines with either spore or cell extracts. The rabbits were injected in the gluteal muscle with complete Freund's adjuvant and cell or spore extract [about 5mg. of protein in potassium phosphate buffer, pH 7.2 (015M); see above]. Then 7 days later they were again injected intramuscularly with the extractadjuvant mixture, and after a further 5 weeks six intravenous injections, containing about 0-1, 0-2, 0-4, 0-8, 1-6 and 3.2mg. of protein, were given at 2-day intervals. A series of intravenous booster injections was given when necessary and bleeding carried out on the fifth and seventh days after the last injection.
Blood was held at 350 for about 30min. and then placed in a dark cupboard for 3-4hr. before centrifuging at 2000g. The antisera were stored at -20°without added preservatives.
Absorption experiments. Some absorption experiments were carried out to decide whether spore extracts contained 
RESULTS
Presence of spore antigens in vegetative-cell extracts. At least 15 precipitin lines were formed when the anti-(vegetative-cell) serum was tested against vegetative-cell extracts (4 in Fig. la) and at least seven precipitin lines with the antiserum prepared against spore extracts run against spore extracts (4 in Fig. lb) . However, the spore antiserum was able to detect a number of antigens in vegetative-cell extracts (e.g. see 3 in Fig. lb) . To decide how many antigens were common to both extracts, spore and cell antisera were absorbed with an excess of the heterologous extract and then immunoelectrophoresis was carried out against the extract to which the antiserum was prepared. Treated in this way spore antiserum could detect only one, or in some experiments two, antigens in spore extracts (2 in Fig. lb) , whereas the vegetativecell antiserum was able to detect two or three antigens in vegetative-cell extracts (2 in Fig. la Time (hr.) Fig. 4 . Changes in antigen pattern during sporulation of wild-type in an exhaustion medium. The experiment was that described in Fig. 3 . Samples for antigen analysis were removed at 9-25, 10-75, 12-15, 13-75, 15-25, Fig. 5a ). Vol. 109 807 W. M. WAITES against spore extracts. Hence, with regards to the presence of spore antigens, vegetative cells grown in the casein-hydrolysate-yeast-extract medium and essentially spore-free present a similar result to those grown in the defined medium of Donnellan et at. (1964) . It seems, however, that cultures grown in the more complex medium may lack one of the antigens present in the vegetative cells grown in the defined medium.
Heat-8tability of spore and cell antigen8. Cell and spore extracts (10mg. of protein in 0-5ml. of phosphate buffer, prepared as described in the Materials and Methods section) were placed into pre-warmed tubes held at 800 and incubated for 10min. Samples were then subjected to electrophoresis and compared with unheated samples (Fig. 2) . At least 14 antigens were detected in the unheated cell extracts by the homologous antiserum, whereas with heated extracts only four precipitin lines could be demonstrated. The spore antiserum was able to detect at least six antigens in the unheated spore extract and five in the heated sample.
Time of appearance of spore antigen8: exhaustion experiment8. Initially B. 8ubtilis 168 was grown in 3501. of the sporulation medium of Donnellan et at. (1964) in a 4001. tank (as described in the Materials and Methods section). The pH was recorded automatically and at intervals samples were taken for determinations of dry weight, microscopic study and antigen determinations. The pH and dryweight curves are shown in Fig. 3 . The precipitin lines formed by the extracts (produced as described in the Materials and Methods section) with antisera prepared against vegetative-cell extracts and spore extracts are shown in Figs. 4(a) and 4(b) respectively. Exponential growth stopped at about 11 hr. after the time of inoculation, though the dry weight continued to increase at a low rate after this time. A fall in pH occurred in the early exponential phase, but after about 9hr. there was a rise, similar to that shown in B. subtili? by Szulmajster & Hanson (1965) and in B. cereu8 by Kominek & Halvorson (1965) . Cells having darkened poles, a sign of incipient sporulation, first appeared microscopically after 14hr., and the first refractile spores were detected after 20hr. The end of exponential growth and the rise in pH were rapidly followed by the appearance of antigens not detected previously by the spore antiserum, though at least three could be detected in all stages of growth. Extracts harvested throughout the experiment showed similar numbers of vegetative-cell antigens, a result to be expected in view of the high numbers of vegetative cells remaining at the end of the experiment. More clearcut results were obtained in the resuspension experiments described below.
Experiment8 in resuspension medium. To increase (Fig. 5 ).
There was no decrease in the extinction of the cultures and the result is at( ibutable to turnover of protein. These results are reported in the preceding paper , but are presented here for comparison. In similar experiments with mutant E 21, which is blocked late in sporulation, there was an increase in spore antigens (Fig. 6 ), but the decrease in vegetative-cell antigens did not always occur. Mutant E 22, which is blocked in the earliest stages of sporulation, showed no increase in spore antigens nor any loss of vegetative-cell antigens (Fig. 7) .
DISCUSSION
The studies reported here and by Calvallo et al. (1963) with B. 8ubtiti8 and also those of (Warren, 1968 ) that a number of enzymes that increase during sporulation are present in low, but detectable, concentrations in exponentially growing cells. Of the enzymes that are present in spores, a number are comparatively thermostable [e.g. the catalase of B. cereus (Sadoff, 1961) and the glucose dehydrogenase (Sadoff, Bach & Kools, 1965) ], and this may be related to the presence of greater numbers of heat-resistant antigens in spore extracts than in vegetative-cell extracts (see and also Fig. 2) .
Although spore antigens have been detected at different times when different media have been used for sporulation, the same qualitative changes occurred in both exhaustion and resuspension experiments and it is likely that the results discussed below are usual in sporulation of this organism. The disappearance of vegetative-cell antigens after resuspension of the wild-type strain (Fig. 5a ) can be correlated with the 35S-labelling experiments on protein turnover , which show that 50% or more of the protein present at zero time has been broken down by 7hr. By contrast mutant E 22, which is blocked early in Vol. 109 809 sporulation, showed no loss of vegetative-cell antigens (Fig. 7a ) and also no protein turnover . No increase in spore antigens could be shown (Fig. 7b ) and it may be that this mutant is defective in the initiation of spore formation.
In mutant E 21, which is blocked late in sporulation, an increase in spore antigens was observed (Fig. 6 ) and this mutant has also been shown to undergo protein turnover . Warren (1968) has shown that this mutant undergoes enzymic changes similar to those demonstrated in the wild-type during sporulation. However, loss of vegetative-cell antigens was variable, and this may be related to the different enzyme concentrations present in this mutant and in the sporogenic strain (S. C. Warren, personal communication) .
These results are summarized in Table 1 and are discussed more fully in accompanying papers Warren, 1968) .
In principle it seems that immunoelectrophoresis could help to distinguish mutants blocked early in sporulation from those blocked late in sporulation, but to obtain finer discrimination it would be necessary to have a larger number of antigens. This might be achieved by preliminary separation of the extracts into a number of fractions, each of which would then be used for immunization. 
